Speleothem development and biological activity in granite cavities (Caldcleugh, 1829; Swarzlow et Keller, 1937 (Finlayson et Webb, 1985 ; Kashima, 1987 ; Vidal Romaní et al., 2003) . 
et restent des objets peu connus de cette morphodynamique, bien qu'elles aient été décrites très tôt mais selon une terminologie présentant peu d'intérêt scientifique
 (Caldcleugh, 1829; Swarzlow et Keller, 1937 (Finlayson et Webb, 1985 ; Kashima, 1987 ; Vidal Romaní et al., 2003) 
. Ce travail est donc une synthèse des données existantes sur des spéléo-thèmes de milieux granitiques variés, étudiés sous différents régimes climatiques, en Europe, en Argentine et en Australie. Les spéléothèmes ont été classés selon leurs compositions chimique et minéralogique et leurs morphologies respectives. Bien qu'ils soient monominéraux, ces dépôts pré-sentent une composition très variée. Dans cette étude, les types les plus fréquents sont analysés : pigotite, evansite-bolivarite et opale amorphe (opale-A). Dans les trois cas, il s'agit de minéraux amorphes qui ont été caractérisés en utilisant différentes techniques analytiques (Fluorescence RX, DRX et, plus spécialement, MEB). La composition chimique des spéléothèmes est en rapport direct avec celle de l'encaissant : les éléments majeurs des minéraux entrant dans composition des granites (Si, Al et, de manière moins importante, d'autres éléments issus de la
 roche-mère : Fe, Mg, K, Na, etc.) 
y prédominent. D'autres éléments chimiques ont également été identifiés : C, S, P et, dans tous les cas, le H 2 O d'hydratation, ce qui est logique puisqu'il s'agit de l'agent de transport. L'origine de ces derniers éléments est externe à la roche-mère granitique. L'origine du C est organique et entre en rapport avec l'activité métabolique de différents microorganismes qui résident dans les cavités granitiques : bactéries, champignons, algues, diatomées, acariens, polychètes. D'autres composés organiques (acides organiques et phosphates) identifiés dans ces spéléothèmes sont associés à l'activité biologique développée dans les protosols qui couvrent les massifs granitiques. Tous les éléments et composés, aussi bien d'origine miné-rale (granite), que d'origine organique, ont été transportés en dissolution et finalement déposés par l'eau qui circule à travers les discontinuités du système pseudo-karstique granitique. L'étude de ces spéléothèmes au MEB révèle que l'activité des microorganismes via la production de composés métaboliques a un rôle décisif dans l'altération de la roche quand les conditions du pH de l'eau sont modifiées, ce
qui permet la dissolution de la roche. Postérieurement, l'éva-poration de l'eau et, de nouveau, les variations du pH, induisent 
Introduction
Most of the water runoff in continental zones is produced superficially and only a smaller fraction through the discontinuities of rocky massifs. The water movement through the massifs of soluble rocks (carbonates and evaporite rocks) is well-known but less for non-soluble rocks (granites, quartzite, etc.) . This paper describes the effects of water circulation in closed regime through the discontinuities of granitic rock massifs.
When the water movement is slow (water trickling), chemical weathering associated with slight mechanical or physical erosion will occur (Wray, 1997) . In the case of granites, the rock chemical weathering will be enhanced by the activity of microorganisms living in the rock fissures. The mobilisation of ions from the rock minerals dramatically depends on the water pH that is affected in turn by such microbiological activity (as stated below). The chemical elements of the granitic rock minerals are first mobilised in solution by water. Finally, they will precipitate as deposits whose composition will vary according to the parent rock composition. In felsic and intermediate granites (from granite to granodiorite), Si is the most abundant element (between 80% and 60%), followed by Al (14%) and the other elements (Na, K, Ca, etc.) in minor proportion. The chemical analyses of the speleothems found in the granite caves described in this paper show a very varied composition though the prevailing elements are Si and Al, coming from the original rock, and C, P and S due to the organic activity developed in the fissure system. The minerals formed by all these elements will be deposited as a specific type of sediment called speleothem due to either its position within the fissure system of the rocky massif and/or it genesis and morphology. Early descriptive reports (Caldcleugh, 1829; Swarzlow and Keller, 1937) called these deposits as coralloids, crusts, speleothems, etc., a terminology without scientific value because it only considers the external aspect. Later, by analogy with calcareous speleothems (Finlayson and Webb, 1985; Kashima, 1987 ) the preferred nomenclature was stalactites for deposits associated with a punctual output of the water on the ceiling of the rocky cavity, stalagmites for the ones due to the dripping on the ground of the cavity and flowstones for the ones formed by laminar water flow (Vidal Romaní et al., 2003) .
Aim of the work and methods
This paper consists of a synthesis of existing data about the types of speleothems found in cavities and fissure systems of granitic rocks. From the compilation of data, a systematisation was carried out to classify these deposits according to the mineralogical and morphological characteristics in order to elucidate the processes that originate their formation. First, the existing references of studies on these types of deposits were compiled. Also, samples of speleothems were taken in different zones of Australia, Argentina and Europe (Spain, Portugal, France, Germany) during several years in order to compare their compositions and morphological features in granitic rocks of variable composition and under different climatic conditions. Based on this information, the speleothems were classified according to chemical and mineralogical composition and morphologic features. For the study of these spe-leothems all the samples were analysed by X-Ray Fluorescence (XRF) to know the major elements, and examined under Scanning Electron Microscopy (SEM) equipped with an Energy Dispersive Spectroscopy analysis (EDS). Also, there were carried out elemental analyses of some of the samples to establish their content in C, P and S (of organic origin). Some of the speleothems were dated by AMS 14 C in order to know their age and growth speed.
Results

Mineralogy and genesis of speleothems
The mineralogy of the speleothems described for granitic cavities is very varied. Up to now, the following types of minerals have been mentioned in the literature: opal-A, evansite, bolivarite, struvite, pigotite, taranakite, allophane, hematite, goethite, etc. (Webb, 1976; Macías et al., 1979 Macías et al., , 1980 Hill and Forti, 1995) . All these minerals were described in very different rock types and geographic-climatic environments: temperate humid (Northern Spain and Portugal, United Kingdom, Germany, Poland, Czhec Republic), tropical (Brazil, Venezuela, Madagascar), arid (South Australia, Argentina, Nigeria, Mexico, U.S.A., etc.; Willems et al., 1998 Willems et al., , 2002 Twidale and Vidal Romaní, 2005) . This geographic-climatic ubiquity seems to show that their formation, though always associated with water circulation and sedimentation, is independent from climate ( fig. 1 ). So far, the prevailing mineralogies of the speleothems associated with granitic rocks are three from greater to minor frequency according to their citations in the literature: opal-A, pigotite and evansite-bolivarite. XRD, XRF and DTA-GTA (Vidal Romaní, 1983) . Such speleothem is mainly a quartz polymorph (Vidal Romaní et al., 1998) formed by Si, H 2 O and other minor elements (Ca, Na, K, etc.) typical from the parent granite, and others (S) alien to it (tab. 1). The formation of opal-A needs the dissolution of Si, which is very low in the water pH ranges typical of the natural granite environments (pH~5; Welch and Ullman, 1993) . However, the granite forming silicates are easily etched and ions mobilised by biochemical weathering due to the activity of bacteria, algae, fungi and lichens (Ehrlich, 1996) . The dissolution by the chelant ability of low molecular weight organic acids (mainly oxalates) is determinative in the biochemical weathering of the granite minerals (McMahon and Chapelle, 1991; Barker et al., 1997) . In the pH range between 2.0 and 8.5 (Brady and Walther, 1990; Bennett, 1991) , such dissolution is produced by an increase of the solubility even of the crystalline quartz, remarked in the pH range 5.5-7 ( fig. 2 ). Also, some of the mentioned organisms (Franklin et al., 1994; Welch and Ullman, 1996) ration) and with a decrease of the microbiological activity as proved by the development of resistance forms (spores, schists) or the burial of the microorganisms in opal. The precipitation of Si from the water that circulates by the speleothem is due to two effects mainly: chemical (oversaturation by evaporation) carried out at alkaline and biological pH (passive, precipitating the Si over the same microorganism or incorporating the Si to their organic structure (Kröger et al., 1999) .
Opal
Pigotite to define the chemical and mineralogical composition. Pigotite is presented as stalactites, stalagmites, columns and flowstone covering from horizontal surfaces to very stepped walls, even vertical. Up to now, the biggest pigotite speleothem was located in Serra do Galiñeiro, Galicia, NW Spain and is formed by the union of a stalactite and a stalagmite in a column of more than 1 m long. A cross or longitudinal section of that sample shows a rhythmic accretion structure in concentric layers as it occurs in calcite speleothems ( fig. 1D ). The different layers alternatively show light (Al prevails; cream) and dark colours (Fe prevails; reddish chestnut) that seem to correspond to seasonal stages (winter-summer) similar to the varves of lake deposits (tab. 5). On surface the aspect of these pigotite deposits is slightly different presenting a crenulated morphology due to the development of mini gours with dimensions from millimetres to some micras. There do not exist many data in the literature on the age and velocity of formation of these types of speleothems. For the speleothems described in Galicia, NW Spain, the radiocarbon dating of some samples gave an age ranging from 1500 years B.P.
(O Folón System, Galicia, Spain) to 3000 years B.P. (Trapa cave system, Galiñeiro Sierra, Galicia, Spain) which confirms a great continuity and quickly growth in the deposition process even when compared to calcium carbonate speleothems (tab. 6).
The quantity of water present in this mineral is highly variable, but always important in natural conditions. Once a sample is taken from the cave, the dehydration transforms the mineral into a powdered mass with very little cohesion in a short time. fig. 1C ). All these types of speleothems display a typical structure in rythmic layers or layered sequences (flowstone), some centimetres thick covering surfaces of various square metres. The colour of evansite is yellow to yellowish brown to reddish. Evansite is amorphous and massive with a morphology in botryoidal or reniform coatings, concen- 
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Pigotite 5 tric, colloform structure at times, opaline, stalactitic. They are very frequent in Galicia, NW Spain, but also in other parts of the World (Mt. Zeleznik, Gomor, Slovakia). A mineral species related to evansite and also amorphous is the bolivarite defined for the first time in Campo Lameiro, Pontevedra, Spain (Navarro and Barea, 1921) , which is shown to have physical and optical properties similar to those of evansite. Both minerals are X-Ray amorphous. According to previous literature (García-Guinea et al., 1995) , DTA spectra of both minerals show a strong endothermic effect at 120ºC and a weaker one at 399ºC. IR spectra show absorption peaks at 3500, 1600 and 100 cm (super -1), which are attributed to OH, H 2 O and PO 4 , respectively. NMR spectra give a P signal centered at -10. Martín Cardoso and Parga Pondal, 1935; García-Guinea et al., 1995) believe that under the name of evansite-bolivarite there may be represented transition terms between alumina silicates and alumina phosphates where the phosphorous that appears in them increases progressively as Si diminishes till substituting it completely.
Morphologic-genetic characterisation of the speleothems
The following morphological types of speleothems are distinguished: cylindrical and in crusts or sheets.
Cylindrical speleothems. They are associated with water circulation by external dripping (fig. 3B ) or internal movements by capillarity. It is used the same nomenclature as for their congeners in karstic environments s.s. These types of forms have been described only for two of the normal mineralogies in granitic cavities: opal-A and pigotite.
-Stalactites s.s.: formed ( fig. 3C ) on the high part of rock fissures or the ceiling or eaves of cavities when the weight of the drop overcomes the superficial stress (then dripping is produced). They usually develop as individual forms with gypsum whiskers on their ends, in case of opal-A mineralogies.
-Grass-shaped stalactites: multiple associations of very thin cylindrical forms (maximum 1 mm) and associated with the ceiling, walls or floor of cavities ( fig. 3D ). These speleothems grow by capillary movements of the water through the clast agglomerate mass of amorphous silica soaked in water. Like the previous ones, they have gypsum whiskers on their ends. They are exclusive of opal-A mineralogies.
-Anti-stalactites: these individual speleothems (Vidal Romaní and Vilaplana, 1984) are exclusive of the opal-A mineralogy ( fig. 3E ). The speleothems grow by capillary circulation of the water from a clast agglomerate mass of amorphous silica soaked in water. They are usually thicker (up to 4 mm of diametre) and reach longitudinal developments between 4 and 10 mm. They may develop very big whiskers on their ends with cauliflower or mushroom morphology of up to 4 mm wide. They are exclusive of opal-A mineralogies.
-Stalagmites: these speleothems ( fig. 3F ) are very little frequent in granitic caves. They are formed as their congeners in karstic environments s.s. by the precipitation of the substances dissolved or dragged by the water which fall from the growing points of stalactites s.s. They have been only observed for the case of speleothems of pigotite and opal-A.
Planar speleothems. They are common microforms for the 3 types of mineralogies described herein: pigotite, evansite and opal-A and are produced as consequence of the water circulation in laminar regime. They may appear on any flat or little-sloped surface (the limit is given by the adherence of the water to the surface) either on the ceiling, floor or base of the cavity walls. 2 types of speleothems are distinguished (Vidal Romaní et al., 1998) :
-Flowstone: they are continuous covers of the rocky surface ( fig. 4A ) with variable thicknesses and may also hide the rock micro rugosity. The mineralogies in which these speleothems appear are the main three ones: pigotite, opal-A and evansite-bolivarite.
-Micro gours: they are accumulations of opal-A clasts with lineal and sinuous development that may hold water temporarily contributing to the opal precipitation in the maximum overspill rim ( fig. 4 B and C). They are normally associated with flat or little-sloped surfaces that ensure a slow circulation. However, they may be also found in more sloped or even subvertical surfaces when the flow speed does not go beyond the forces of the water adherence to the sliding surface of the water. The mineralogies of the three main speleothems are: pigotite, opal-A and evansite-bolivarite.
Discussion
The biological activity has an important role in the rock weathering in the fissure systems of granitic massifs; it is essentially produced first by the dissolution of the rock in water and then by the precipitation of the dissolved materials. In both processes, dissolution and precipitation, not only the water influences but also the changes in the pH related to the microbiological activity (Barker et al., 1997; Cañaveras et al., 2001) . The chemical elements of the rock minerals are mobilised in a different rate along with their original abundance; Si and Al are the most abundant and, therefore, mainly contribute to the formation of new minerals. The 3 species of minerals described in this paper (pigotite, evansite-bolivarite and opal-A) have a different relationship with the microbiological activity developed in the fissure system. Pigotite will be mainly formed by the water infiltration through the peat bogs which allow to incorporating organic acids and carrying out the chelation of ions of the underlying rock. In this case, the organic acids are the only relationship between microbiological activity and weathering of the rock. The formation of pigotite speleothems (stalactites, stalagmites and flowstone) is due to the loss of transport capacity of the water when the flow stops at the end of a rainfall event and the water evaporation prevails. The changes in the regime of water contribution may be reasonably due to seasonality as suggested by the internal structure of the speleothem of rhythmic accretion with alternation of light layers (prevalence of Al), which correspond to summer periods when the water flow diminishes, and dark layers (prevalence of Fe) which correspond to the greater contributions and lower temperature (winter). The evansite-bolivarite is the second type of biomineral formed in the granitic cavities. Its relationship with the organic activity is recognised in this case by the presence of phosphates, of organic origin, which is combined with the elements coming from the rock, essentially Al and Si. In this case, the relationship between microbiological activity, rock weathering and formation of speleothems is again due to the loss of the transport capacity because of reduction of water flow and prevalence of evaporation. The third type of biomineral, speleothems of opal-A, is the one that shows a clearer and more direct relationship with the microbiological activity. Again, the effect of organic acids in the water solution causes the dissolution of rock minerals and the formation of the opal-A speleothem with the water evaporation at the end of the rainy period. Here the changes in the water pH are the triggering factors, first the solution of Si (acid pH) then, in the final stage (alkaline pH), the precipitation of opal-A and finally, the growth of gypsum crystals in continuity with the opal-A substratum. From the microbiological point of view, the speleothem may be considered a tiny ecosystem where it is produced a substitution of different microorganisms related to the presence and circulation of water through the speleothem. Considering the short period of water permanence in the pseudokarstic microsystem, while the contributions of rain water to the fissural phreatic of the massif continue, the process goes on at least for some days and is reproduced unceasingly after each rainy period. At first, the bacterial activity weathers the quartz and the other silicates; a silica gel is formed and when it desiccates, it will give rise to opal clasts that form open work accumulations where water eventually accumulates and is the basis for the development of bacteria, fungi and algae which alter- natively germinate in the humid stage or form spores in the dry stages and may be even covered or buried by the precipitation of opal-A ( fig. 4D ). The opal gel dissolved in the water is mainly used by the diatoms incorporating it to their organic structures. Some author (Kashima, 1987) considers that the diatoms are allochthonous and have been dragged by the water from outside the system when it is proved that they have a complete development inside the speleothem ( fig. 5A and B) . In the last stage, when the speleothem is already formed, mites ( fig. 5C ) and polychetes ( fig. 5D ) take advantage of the organic material and residual humidity to live temporarily in the external part of the speleothem. In this last stage, the S produced by microorganisms originates sulphates by oxidation of organic matter (bacteria, fungi). Then the growth of gypsum crystals (SO 4 Ca.2H 2 O) will take place: Ca comes from the alteration of the plagioclases while S is of biological origin (Twidale and Vidal Romaní, 2005) . This phase is called azoic (Vidal Romaní et al., 1998) due to the absence of life forms justified by the drastic change of the pH from acid (when the Si dissolves) to basic when amorphous opal precipitates and gypsum grows (García Ruíz et al., 1981; García Ruíz and Migues, 1982) . Generally, whiskers are calcium sulphate crystals though in some cases (Vidal Romaní, 1983 ) calcium carbonates and calcium phosphates have been found (though these latter do not present a idiomorphism comparable to the two aforesaid mineral species).
Conclusions
The partially open fissure systems of granitic massifs through which water circulates at very slow speed (trickles) are natural environments with which different types of neomineralisations are associated: opal-A, pigotite and evansite-bolivarite, the most frequent. These biominerals or biospeleothems (Forti, 2001) are formed due to microbiological processes indirectly (as consequence of reactions produced by the metabolic products derived from the organic activity). Si and Al are the most abundant elements in the granitic rocks and thus mainly prevail in the infiltration water. The oversaturation by water evaporation or/and the pH changes causes the precipitation of the elements and solubilised compounds originating the speleothems of granite systems. Opal-A (Si) is the most important type of speleothem quantitatively and the most diversified morphologically. The organisms (bacteria, algae, fungi) that live and are developed in these speleothems are active while the speleothem is wet. When water flow diminishes or evaporates, the organisms react developing resistance spores staying until the next humid period when they germinate again. Mites and polychetes also have activity in the speleothem using the content in organic matter of the same speleothem for their subsistence. The last stage in the speleothem development is the socalled azoic stage where S of organic origin is combined with the Ca of the plagioclases, and using the substratum of amorphous silica (silica gel) gypsum crystals develop with an excellent idiomorphy and are present widely in the opal-A.
